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Division of Experimental Dermatology, Department of Dermatology 1., University of Vienna, Vienna, Austria 
Some trends in electron microscopy of skin have emerged and should be pursued in the 
future. The fine structure and some basic cellular reaction patterns of epidermal cells are 
discussed to illustrate the interplay of morphologic, cytochemical,. and tracer studies. 
Intracytoplasmic membranes and secretory granules, lysosomes and endocytic mechanisms, 
cytomembranes and cell surface specializations are discussed to show how these can be used 
to arrive at a more meaningful interpretation of structure. Despite all advances, however, a 
great deal more needs to be done before the details of skin structure are completely 
elucidated. 
The advent, rapid expansion, and present role of 
electron microscopy in skin research is best as-
sessed by perusing the 1956, 1962, and 1974 edi-
tions of Montagna's Structure and Function of the 
Skin [1,2] or by leafing through some of the pro-
ceedings of previous Symposia on the Biology of 
Skin [3-8] ~ To give a full account of all develop-
ments in electron microscopy of skin is beyond the 
scope of this paper and an unnecessary exercise 
since the fine structural morphology of skin has 
been exhaustively covered in Zelickson's book [9], 
several reviews [10-12], and in Breathnach's Atlas 
[13]. Instead, we will concentrate on a few trends 
that have emerged and should be pursued. This 
self-imposed limitation forces us to be selective; 
inevitably, the result will reflect our personal pref-
erences. 
Electron microscopy of skin has closely followed 
the development of electron microscopy in general 
and has gone through three successive, though 
overlapping, phases. At first , efforts to probe en-
tirely new dimensions were somewhat hampered 
by technical difficulties which were overcome 
when adequate fixatives and embedding media 
were introduced and a better preservation of mor-
phologic detail was consistently achieved. Sub-
microscopic features already known from other 
tissues were rediscovered and new structures were 
recognized and described. The pioneering work of 
the late 1950s and early 1960s [14-38] provided the 
morphologic background for the many ultrastruc-
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tural studies carried out since then and has, ex-
cept for some minor corrections, remained un-
challenged. These early studies also provided the 
stimulus for a more general interest in electron 
microscopy and thus initiated a second phase of 
development which was characterized by an un-
expected burst of activity. Once it became fashion-
able to be involved in electron microscopy, a 
plethora of publications on normal, abnormal, and 
diseased skin emerged. But descriptive approaches 
alone did not answer all the questions and the 
wealth of published material failed to increase our 
understanding of the basic principles of submi-
croscopic events. 
During the final phase of development, the scope 
of electron microscopy was widened to include new 
avenues of research, both morphologic and chemi-
cal, and ultrastructural techniques were used to 
open up more dynamic approaches to research 
problems. Ultrastructural cytochemistry, im-
munocytochemistry, and most recently, x-ray mi-
croanalysis have been added to the research ar-
mamentarium. Scanning electron microscopy and 
freeze-fracture techniques are now adding depth 
to two-dimensional transmission electron micro-
graphs, and sequential analyses of the fate of 
radioactive and other tracers incorporated into the 
skin have gradually broken through the rigidity of 
an otherwise static method (Table). 
By expanding the limits of morphology beyond 
the cellular to the macromolecular level, electron 
microscopy has greatly increased not only our 
knowledge of structure but also our appreciation of 
how cells and acellular components within the 
different compartments of skin interact. It has also 
verified and expanded light microscopic findings 
about the uniqueness of such cutaneous phenom-
ena as keratinization [39,40] and has probed 
deeply into their structural aspects [41,42]. Lastly, 
it has brought to light patterns of cellular reaction 
which have helped us to understand some basic 
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mechanisms that operate in this tissue. We pro-
pose to discuss some aspects of this last advance. 
CYTOPLASTMIC MEMBRANES AND THE SECRETORY 
FUNCTION OF KERATINOCYTES 
The cytoplasmic features of keratinocytes were 
among the first to be described, but the major 
emphasis on structures involved in keratinization 
Eomewhat overshadowed other cytoplasmic com-
ponents. The keratinocyte possesses the entire 
cytoplasmic machinery characteristic for any met-
abolically active cell [39]. Both rough and smooth 
endoplasmic reticulum are present in all viable 
epidermal cell layers (Fig. 1) but are better devel-
oped in cells that are largely engaged in protein 
synthesis for secretion [43]. As in other cells [44], 
the endoplasmic reticulum is continuous not only 
with the perinuclear space (Fig. 3) but under cer-
tain circumstances, with the extracellular com-
partment as well [45 J. This finding is unusual since 
it seems to violate the general rule of cell compart-
mentalization [46,47]. Substances in the intercel-
lular space do not regularly gain access to the 
endoplasmic reticulum, but when hypertonic con-
ditions in the epidermis unfold this compartment 
to the extracellular environment, the resulting 
influx of extracellular material into the endoplas-
mic reticulum (Fig. 2) may cause it to expand and 
to form large vacuoles within the keratinocytes, 
usually near the nucleus (45] . Since these vacuoles 
are identical with epidermal vacuoles that can be 
observed in various pathologic situations [48-52], 
the latter probably represent the result of in-
creased osmolarity within the epidermis. The con-
tinuity between the endoplasmic reticulum and 
intercellular space on the one hand, and the peri-
nuclear space on the other, which is reminiscent 
of the situation in certain plant cells [53 ), suggests 
a path whereby substances and information are 
exchanged between the nuclear membrane and the 
intercellular compartment [45]. It may even ex-
plain the passage of certain viruses from the nu-
cleus, through the endoplasmic reticulum, to the 
extracellular space [54-56]. 
Techniques of fixation * which impart little den-
* Karnovsky MJ: Use of ferrocyanide-reduced osmium 
tetroxide in electron microscopy. Proceedings of the 11th 
Annual Meeting of the American Society for Cell Biology, 
1971. 
FIG. 1. Upper layer of the epiaermis sectioned parallel to skin surface exhibiting pronounced endoplasmic reticulum 
(long arrows). At this level, there are focal aggregates of Odland bodies (short arrows) within the intercellular space 
(ICS) . Tissue fixed with glutaraldehyde-formaldehyde and potassium ferrocyanide-osmium * to show intracytoplas-
mic membranes. Calibration bar: 1 J.L ( x 17,250) . 
FIG. 2. Endoplasmic reticulum of keratinocyte labeled with the tracer horseradish peroxidase (arrows) which has 
permeated from the intracellular space (lCS) , an indication of the continuity of the two compartments. N: nucleus. 
Calibration bar: 1 J.L ( x 23,(0). (With permission from Honigsmann and Wolff [45]) 
FIG. 3. Continuity (arrow) of endoplasmic reticulum (ER) and perinuclear space of keratinocyte . Calibration bar: 
0.2 J.L ( x 65,000). 
FIG. 4. Nucleoside diphosphatase activity within smooth endoplasmic reticulum (arrows) and perinuclear space 
(PNS) of keratinocyte . Calibration bar: 0.2 J.L ( x 53,000). 
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sity to tonofilaments and keratohyalin reveal that 
a considerable amount of smooth endoplasmic 
reticulum is present in the upper epidermal layers, 
including the cells in the superficial stratum gran-
ulosum (Fig. 1). These cisternae contain nucleo-
side phosphatase activity [43] (Fig. 4), a relatively 
specific marker for cells that can convert water-
insoluble substances into water-soluble com-
pounds, e.g., glucuronides [57]. Since the epider-
mis synthesizes sterol compounds [58,59], there 
may be some connection between this enzymatic 
feature and sterol solubilization [43]. 
Another remarkable feature of the stratum gran-
ulosum is the persistence of a well-developed 
Golgi apparatus (Fig. 5) which appears to be 
smaller, more condensed, and to have fewer vesi-
cles than in the basal cells but which retains its 
enzymatic machinery. Reactions for acid phospha-
tases [43,60,61], nucleoside phosphatases [43], es-
terases [43,61], and sulfatases [43] are associated 
with the Golgi cisternae and can be demonstrated 
with the available techniques (Fig. 5). 
An active endoplasmic reticulum and Golgi area 
in cells subjacent to the horny layer indicate 
considerable metabolic activity and can be related 
to the imminent keratinization process. Autoradio-
graphic and other techniques have been used to 
show that protein synthesis occurs in this cell layer 
[62-68] and that 3H-Iabeled histidine, cystine, 
arginine, and proline are differentially incorpo-
rated into the various areas of granular cells 
[69,70]. However, the synthetic activity in the 
upper epidermal layers may also be indicative of a 
secretory function of keratinocytes. The small 
lamellated bodies (Fig. 7), originally observed by 
Selby [15] and later described in detail by Odland 
[27], are the only known example of a structurally 
defined secretory product of keratinocytes and 
thus acquire considerable significance. They have 
been called membrane-coating granules [38] be-
cause they were held responsible for the thicken-
ing of plasma membranes in the stratum corneum, 
but it is now known that this "thickening" is due 
to the addition of an amorphous material to the 
cytoplasmic face of the membrane [71-76]. They 
have also been designated keratinosomes [77], but 
their role, if any, in the keratinization process 
proper has not been defined. Cementosomes [78] 
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is another designation, but nothing is known about 
how the material in the granules is chemically or-
ganized into the intercellular substance. We pre-
fer the terms lamellar bodies or Odland bodies, at 
least until their function is more clearly delineated. 
These bodies appear in the upper spinous and 
granular layer where they cover an estimated 2 to 
15% of the cytoplasmic area [79]. Their polar 
orientation in the distal portions of keratinocytes 
and their lamellar structure (Fig. 7) have been 
adequately described, and so has the fact that they 
connect to the plasma membrane and discharge 
their lamellar contents into the intercellular space 
[80-82] (Figs. 6, 8). They are thought to arise in the 
Golgi region [38], an assumption based on their 
occasional spacial relationship to the Golgi area; 
the fact that the same enzymatic markers are 
present in the Golgi cisternae and Odland bodies 
lends credence to this view [43]. Histochemically 
[83,84] and by extraction experiments [85] Odland 
bodies have been shown to be rich in nonpolar 
lipids which may also be related to the smooth 
endoplasmic reticulum. In fact, similar markers 
are found in the smooth endoplasmic reticulum 
[43], and lamellae identical with those characteris-
tic for Odland bodies can be observed in the 
cisternae of this compartment [43]. 
Odland bodies contain acid phosphatase [43,61, 
81,86], nucleoside phosphatases [43], aryl sulfatase 
[87], and nonspecific esterases [43,61] which are 
retained in the laminated material even after the 
granules have been discharged into the intercellu-
lar space (Fig. 6). The function of these enzymes is 
not known, but some years ago one of us (KW) 
postulated that the acid hydolases, contained 
within a single limiting membrane and released 
after treatment with Triton X-100, relate Odland 
bodies to the lysosome group of organelles [81]. 
They have nothing to do with intracellular diges-
tion; but since lysosomal enzymes can be secreted 
by other cell types [88], it appears natural to relate 
their presence in Odland bodies to transformation 
or the function of the laminated material within 
the intercellular space [81]. The number of Odland 
bodies decreases after ultraviolet light irradiation 
[89] and in X-linked recessive ichthyosis [90,91], 
and they are totally lacking in a disorder of 
keratinization which is characterized by a dense 
FIG. 5. Golgi apparatus (G) of keratinocyte displaying thiamine pyrophosphatase activity (arrows). T: tonofila-
ments. N: nucleus . Calibration bar: 0.5 p. ( x 47,250). 
FIG . 6. Granular layer. Aggregates of Odland body lamellae which fill the intercellular space exhibit acid 
phosphatase reactivity (arrow). No reaction product is present in the intercellular space where lamellae are absent 
(asterisk). Calibration bar: 0.5 p. (53,000) . 
FIG. 7. High magnification of intracellular Odland body showing stacking of characteristic lamellae. Calibration 
bar: 0.1 p. (150,000). 
FIG. 8. Horizontal section through granular layer. Engorgement of intracellular space (ICS) with vesicles and 
lamellae derived from Odland bodies. At this level, the orientation of these structures within the intercellular space is 
still haphazard. Desmosomes (D) and gap junction (asterisk) do not contain lamellar material. Calibration bar: 0.5 p. 
( x 53,000). 
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stacking of stratum corneum cells and by impaired 
horny cell desquamation. t On the other hand, we 
and others [92] have found them in regenerating 
epidermis before an organized stratification and 
desquamation pattern emerges. 
Odland bodies are faintly reminiscent of the 
surfactant-containing granules of alveolar type II 
cells [93]. On the basis of their association with 
smooth endoplasmic reticulum and with smooth 
endoplasmic reticulum-associated enzymes, as 
well as on the basis of their lipid nature, it has been 
hypothesized that they carry provitamin D3 into 
the intercellular space as a by-product. There 
provitamin D3 could be transformed by ultraviolet 
light into vitamin D3 and could then be diffuse 
through the intercellular spaces into the dermis 
[43 ]. 
In the intercellular space Odland bodies perform 
one function which now seems reasonably estab-
lished. Conventional transmission [81,82] and 
freeze-fracture technique [79,94] have shown that 
their lamellae engorge the intercellular space in the 
granular layer (Fig. 8) and become tightly packed 
in the subcorneal stratum. Here, as tracer tech-
niques have verified (see below), they constitute a 
permeability barrier for an outward flow of water-
soluble substances [95]. A rearrangement of lamel-
lae parallel to the cell membranes and their fusion 
into tightly packed sheets completely seal the 
intercellular space in the stratum corneum [79,81, 
82] (Fig. 9). 
ENDOCYTOSIS AND L YSOSOMES 
Keratinocytes possess a competent lysosomal 
system:j: which can be visualized electron cyto-
chemically [60,61,96-98] (Fig. 10) and studied 
after experimental stimulation [60]. Although a 
certain amount of endocytosis can be expected to 
occur in almost all mammalian cells, the endocytic 
and phagocytic capacity of keratinocytes is re-
markable and may explain why the epidermis 
lacks a scavenger cell system. After injury [99,100] 
or during wound healing [101,102], keratinocytes 
engulf cellular debris, fibrin, or other materials. 
Various substances have been injected into the 
skin to study the mechanisms involved in this 
process [103-108]. Tracers are taken up from the 
intercellular space by an infolding of the cytomem-
brane which then pinches off to form a vacuole 
(phagosome) (Fig. 11) which encloses the substance 
and then gradually migrates to the interior of the 
cell [103,105] (Fig. 12). Somewhere along this path, 
acid hydrolases become demonstrable in the phag-
osomes [103,109]; this may be due to a transfer of 
enzymes from primary lysosomes by fusion [60]. 
Mter the incorporation of these acid hydrolases 
t Frenk E, Tapernoux B: Hyperkeratosis lenticularis 
perstans: a key to the function of Odland bodies. 4th 
Annual Meeting, European Society for Dermatological 
Research, Amsterdam, The Netherlands, April 23-24, 
1974. 
:j: Mter this manuscript was completed, two excellent 
reviews of lysosomes of the skin were published [188,189 J. 
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into a phagosome, proteinaceous tracers have 
shown that they become subject to degradation 
[60,103]. On the other hand, non digestible mate-
rials, such as heavy metals [105,109], remain unal-
tered within these vacuoles and are carried up to 
the stratum corneum where they are incorporated 
into the matrix of horny cells and eventually 
desquamated [105,106]. This model illustrates how 
the epidermis eliminates nondegradable material 
which in the dermis is engulfed and carried off by 
macrophages. 
The mechanism of endocytosis is similar for 
soluble, medium-molecular-weight and high-molec-
ular-weight substances and particulate material. 
With the latter, however, the uptake mechanism 
is discriminatory and depends on particle size 
[106]. Small latex beads, for example, are "em-
braced" by villous processes of keratinocytes (Fig. 
13) and are taken up in groups to be transported as 
multiples within the phagosomal vacuoles in the 
cytoplasm. By contrast, large latex beads are en-
gulfed as singles and are singly dispersed within 
the cytoplasm of the cells. The analogy of this proc-
ess to the mechanisms which may govern the up-
take and intracytoplasmic distribution of melano-
somes within keratinocytes is obvious [110]. In 
fact, a similar experiment has shown that the inges-
tion of mouse melanosomes by guinea-pig keratino-
cytes in vivo follows the same pattern: small mel-
anosomes are taken up collectively and remain 
complexed within the cytoplasm whereas large 
melanosomes are engulfed and dispersed singly 
[111]. This partially explains the observations that 
in normal skin the melanosome distribution within 
keratinocytes in vivo is a size-dependent phenome-
non [112,113]. 
The results of the phagocytosis experiments 
simulate a process of phagocytosis that constantly 
occurs in normal skin in vivo. The fact that melano-
somes taken up by keratinocytes become associ-
ated with acid hydrolase activity suggests that 
they are contained within secondary lysosomes 
[114-116]. Labeling melanosome complexes with a 
nondigestible marker [117] has shown that degra-
dation of melanosome structure may occur. It also 
permits them to be identified in the upper epider-
mal layers even after their characteristic morphol-
ogy has been destroyed [117,118]. 
CELL SURFACE, INTERCELLULAR SPACE, AND 
ATTACHMENT DEVICES 
The individual cells of the epidermis are inter-
locked by means of interdigitating bulges and 
grooves, and the apposed plasma membranes of 
two individual cells limit an intricately folded in-
tercellular space of rather constant dimensions 
[13,39] (Fig. 1). In transmission electron micro-
graphs, it measures roughly 200 A between the 
outer leaflets of the apposing plasma membranes, 
but sporadically small bulbous dilations are visible. 
Using lanthanum nitrate as an in vitro tracer, we 
demonstrated that the intercellular space is a con-
tinuous system, surrounding the cells from all 
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FIG. 9. Freeze-fracture replica of intercellular space in the stratum corneum showing lamellar material aligned 
parallel to cell surfaces (arrow) . (Courtesy of Dr. P . Elias) 
sides, separating them from each other, and ex-
tending from the basal lamina to the stratum cor-
neum [119 J. Its continuity is not interrupted by the 
~ntercellular contact devices, desmosomes, and 
i!ap junctions which are easily permeated by lan-
7hanum [119] (see Fig. 18). 
The high permeability of this system in vivo is 
'!est demonstrated with tracers injected into the 
iiermis. Cytochrome c (E. Wolff-Schreiner, unpub-
. ished data) and horseradish peroxidase [95,120, 
~ 2 1] rapidly permeate the intercellular space (Fig. 
14) and a similar, but slower, permeation can be 
demonstrated for other tracer molecules, such as 
Thorotrast [105], colloidal silver [45], or ferritin 
[107,108]. Observed differences relate to the 
molecular weight or size of the tracer:cytochrome c 
(mol wt 12,000; diameter 40 x 28 A [122]) and 
horseradish peroxidase (mol wt 40,000; diameter 
50-60 A) [123] are present in the entire intercellu-
lar space, including desmosomes, immediately 
after injection into the dermis [1201. (Fig. 14). 
Thorotrast particles (diameter 80-120 A) accumu-
late beneath the basal lamina and are only gradu-
ally released into the intercellular space where they 
then freely pass upward [105] (Fig. 16). They fail to 
penetrate desmosomes but, since they can be 
46 WOLFF AND WOLFF-SCHREINER Vol. 67, No.1 
FIGS. 10-13 
July 1976 
found both proximally and distally from the con-
tact devices [105], they show indirectly that des-
mosomes represent focal structures and not belt-
like regions surrounding the entire circumference 
of a cell. Freeze-fracture replica studies have 
verified this finding [41,79,124-126]. 
The upper limit of outward penetration, a bar-
rier for water-soluble molecules of the magnitudes 
referred to above, is found at the level of the upper 
stratum granulosum [79,95]; it coincides with the 
dense packing of the laminated material derived 
from the Odland bodies within the intercellular 
space and is due either to this material or to a 
change of the intercellular substance by the lamel-
lated bodies [95] (Figs. 14, 15). This barrier was 
initially demonstrated in human and guinea-pig 
epidermis with horseradish peroxidase [95,123 ] 
and Thorotrast [105] as permeability tracers and 
was later verified in the oral mucous membranes of 
the monkey, rabbit, and rat [121], and in the skin 
of the newborn mouse [79]. Such tracers, even the 
very small tracer molecules such as lanthanum 
nitrate [79], permeate only to the point where 
Odland body lamellae block the intercellular space 
(Fig. 15). In an in vitro situation, such as infiltra-
tion of tissue blocks, lanthanum nitrate can perme-
ate farther up, infiltrating the laminated material 
[95,127 ]. 
Tight junctions have been reported at the stra-
tum granulosum-stratum corneum interface [128], 
but neither we nor others [79], using various 
tracers in several mammalian species, have been 
able to verify that the barrier is due to such 
occluding cell contacts. Tight junctions are also 
not apparent in freeze-fracture replicas of this 
region [79,94]; thus it appears that mammalian 
epidermis differs in this respect from frog epider-
mis where tight junctions function as a barrier [71, 
129]. _ 
In specimens fixed routinely for electron micros-
copy, the intercellular space appears electron lu-
cent and thus optically "empty." With ruthenium 
red [130] as an electron microscopic stain, the 
intercellular space is seen to contain an electron-
dense material which corresponds to the surface 
coats of the apposing membranes of adjacent 
keratinocytes [119,127] (Fig. 17). This intercellu-
lar substance, which has also been shown with the 
silver methenamine method [131], extends into 
desmosomes and gap junctions and is thought to 
represent a material rich in glucosaminoglycans. In 
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vitro, it represents a thick coat on the surface of 
keratinocytes which can be removed with neurami-
nidase, an indication that it contains sialic acid 
[132]. Its presence within the intercellular space is 
not incompatible with the high degree of permea-
bility in this compartment; assuming that it has a 
gel-like consistency, it could provide physical sta-
bility between cells, maintaining intercellular 
cohesion but permitting individual cell movement, 
and could bind sufficient water to permit a rapid 
passage of water-soluble substances [95]. The ul-
transtructural localization of in vivo-bound, anti-
epithelial autoantibodies in pemphigus coincides 
with the site of the surface coat of keratinocytes 
and thus of the intercellular substance [133,134]. 
Common specialized cell contacts within mature 
mammalian epidermis are desmosomes and gap 
junctions. Gap junctions (nexus) [135-137] (Figs. 
18-20) occur in all layers of the viable epidermis 
but are relatively rare on the lateral plasma 
membranes of basal cells. They represent special-
ized regions of contact between the apposed 
plasma membranes of adjacent cells and are usu-
ally next to desmosomes. Depending on the type of 
fixation and staining used, they appear pentalami-
nar, as if the intercellular space were obliterated by 
a fusion of the plasma membranes, or heptalami-
nar, leaving a narrow gap between the outer 
leaflets of the apposed membranes [137] (Fig. 19). 
Lanthanum nitrate impregnation of epidermis re-
veals that they enclose a gap and thus provide for a 
continuity of the intercellular space [119] (Fig. 18). 
In en face sections, the tracer delineates hexagon-
ally packed subunits [136 J which are permeable to 
cytochrome c (E. Wolff-Schreiner, unpublished 
data) but not to larger tracers in vivo (Fig. 20). The 
fact that gap junctions have been isolated from 
membrane fractions of liver homogenates [138,139] 
strongly indicates the striking structural stability 
of these junctions, at least in the tissues studied. 
McNutt and Weinstein [140J have given a model 
of a closely packed array of hexagonal subunits 
within the interior of each of the membranes which 
contain minute hydrophilic channels that connect 
the interiors of the cells without connecting either 
interior to the intercellular space. This intricate 
internal architecture allows them to mediate cell-
to-cell communication by providing a route for the 
passage of small molecules between the adjacent 
cells [140J. Gap junctions are the sites oflow-resist-
ance electrical coupling between cells [141-143 J 
FIG. 10. Lysosomes within a keratinocyte of the .stratum spin?sum which exh!bit acid phosphatase activity 
(arrows). Arrowheads indicate acid phosphatase-negatIve lysosome-lrke organelles whIch probably represent telolyso-
somes. N: nucleus. Calibration bar: 1 f.L (x 23,000). 
FIG. 11. Intercellular space of epidermis (lCS) charged with exogeneous tracer (horseradish peroxidase) . Arrows 
indicate uptake of tracer into the cells by pinocytosis. Calibration bar: 0.5 f.L (x 30,400). 
FIG. 12. Phagosome (P) containing tracer (horseradish peroxidase) which has shifted to the vicinity of the nucleus 
(N). Calibration bar: 0.5 f.L (x 23,000) . . 
FIG. 13. Villus-like processes (V) of keratinocytes foldi,ng aroun~ latex beads (L) within the intercellula~ spa~e. This 
represents the first stage in the uptake of these particles mto keratmocyte cytoplasm. D: desmosome. CalrbratIOn bar: 
0.2 f.L (x 82,000). (From Wolff and Konrad [106], by permission of J Ultrastructure Research) 
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FIG. 14. Continuous labeling of the intercellular space of the epidermis immediately after injection of exogeneous 
tracer (horseradish peroxidase) showing a high degree of permeability of this compartment. Arrow indicates the barrier 
for outward flow (see text) where labeling is interrupted. Calibration bar: 10 J.L (x 1,650) . 
FIG. 15. Higher magnification of the permeability barrier . Arrow indicates an abrupt discontinuation of the labeling 
of the intercellular space by the tracer (horseradish peroxidase). This coincides with a dense packing of lamellae in the 
intercellular space. Calibration bar: 1 J.L (x 13,500) . (From Elias and Friend [79], with permission of the authors and 
Journal of Cell Biology) 
FIG. 16. Thorotrast, injected into the dermis, accumulating below the basement lamina (BL). Some tracer particles 
have permeated the intercellular space (lCS) between two basal cells (Be). PV: pinocytosis vesicle . Calibration bar: 
0.2 J.L (x 82,000) . (From Wolff and Honigsmann [105], with permission of J Ultrastructure Research) 
and may thus help to control cellular growth and 
differentiation in the epidermis. Electrotonic cou-
pling occurs between epidermal cells in vitro [144]. 
Unlike normal cervical epithelium which has nu-
merous gap junctions, squamous cell carcinomas of 
the cervix are deficient in gap junctions [145,146]. 
The morphology and function of desmosomes 
have been authoritatively summarized by Camp-
July 1976 
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FIG. 17. Staining of surface coats (glycocalyx) of keratinocytes by ruthenium red. In some areas the intercellular 
space (feS) is filled by this material. D: desmosome. Calibration bar: 0.2 f.1. (x 82,000). 
FI~. 18. A gap junction (GJ) and desmosome (D) of the epidermis shown by lanthanum impregnation . Inset: 
Grazmg section through a gap junction revealing hexagonal subunits. (Inset x 175,000). Calibration bar: 0.2 J.L (x 
94,000). 
FIG. 19. A gap junction (GJ) and desmosome (D) of the epidermis revealed by fixation with glutaraldehyde-formalde- . 
hyde and potassium ferrocyanide-osmium tetroxide and staining with lead . The gap junction appears heptalaminar. 
OL: Odland body lamellae " caught" between gap junction and desmosome. Calibration bar: 0.2 J.L ( x 97,600). 
FIG. 20. Gap junction (GJ) of the epidermis permeated by cytochrome c injected in vivo. Calibration bar: 0.2 J.L ( x 
97,300). 
nell and Campbell (1471 and thoughtful reviews of 
d.esmosomes of the epidermis have been recently 
gIVen by Breathnach [41] and Matoltsy [42]. Since 
Odland's classical description [19] the basic struc-
t ure of the desmosome, as it appears in transmis-
sion electron micrographs (148-1501, is well known. 
The advent of freeze-fracture replica techniques 
represents an important step forward in our under-
standing of the spacial organization of these struc-
tures [41]. Images obtained with this method have, 
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FIG. 21. Different stages of desmosome digestion by pronase. (A) Control, (B) initial stages of digestion of fibrillar 
zone lateral from attachment plaque, (C) digestion of attachment plaque, and (D) complete digestion of attachment 
plaque resulting in holes in the plastic (arrows). A : attachment plaque. F: tonofilaments. N: gap junction. Calibration 
bar: 0.2 f.L ( x 90,000). (From Wolff and Schreiner [73], with permission of J Ultrastructure Research) 
for the first time, provided a clear idea of the 
distribution of desmosomes over the keratinocyte 
membrane and have enabled us to approximate 
their size, shape, and relationship to each other 
[41,79,124-126 ]. 
Digestion experiments performed on ultrathin 
sections have revealed differences in the suscepti-
bility of various components of desmosomes to 
proteases [73] (Fig. 21). A fibrillar zone, interposed 
between the attachment plaque and inserting 
tonofilaments, is digested more readily by pronase 
than the attachment plaque proper and this, in 
turn, is more amenable to the enzyme than tonofil-
aments [73] (Fig. 21). Recent studies on isolated 
desmosomes of cow snout skin have verified obvi-
ous differences between these zones with regard to 
FIG. 22. Fascia adherens-like junction between two migrating keratinocytes in epidermal wound healing. Calibration 
bar: 0.5 f.L (x 23,000). 
FIG. 23 . Internalized split desmosome (arrow) in trypsinized guinea-pig keratinocyte . Calibration bar: 0.5 f.L ( x 
30,400). 
FIG. 24. Internalized, double split desmosomes (arrowheads) in trypsinized keratinocyte . Note that tonofilaments 
insert in the attachment plaques. Calibration bar: 0.5 f.L (x 30,400). 
FIG. 25. Single unilateral desmosomal plaques (arrows) on the surface of a keratinocyte in epidermal wound 
healing. Corresponding desmosomal plaques are absent from membrane of adjacent keratinocyte. Calibration bar: 0.5 
f.L ( x 34,000) . 
FIG. 26. Intracellular desmosomes (arrows). They originate from collapsed vesicles with a characteristic internal 
coating (V). Asterisks mark tangential sections through intracellular desmosomes. G: glycogen. Calibration bar: 0.2 f.L 
( x 70,150). 
FIG. 27 . Exogenous tracer (horseradish peroxidase) within intracellular desmosome (arrow) indicates that the 
intracellular desmosome has come from the cell surface and is thus derived from the cytomembrane. Mi: Calibration 
bar: 0.2 f.L (x 82,000). 
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the protein moieties involved [151,152]. The fi-
brillar zone between the tonofilaments and the at-
tachment plaque [73] corresponds to a fuzzy fila-
mentous layer on the cytoplasmic surface of the at-
tachment plaque in isolated desmosomes [151] and 
is probably identical with the "connecting com-
ponent" described by Kelly [150] for desmosomes 
in newt epidermis. This fibrillar zone connects at-
tachment plaque and tonofilaments as they loop at 
a regular distance from the plaque and course back 
into the cytoplasm of the cell. Since desmosomes 
not only represent points of intercellular attach-
ment but also serve as anchoring plates for tono-
filaments, they serve as an orienting force for the 
latter [153,154]. Mercer [155,156] has viewed des-
mosomes and attached tonofilaments as a system 
of braces which transmit forces from cell to cell and 
thus serve as a stabilizing factor within the tissue. 
Desmosomes fulfill a physical function by keeping 
cells attached to each other; images obtained from 
specimens in which the intercellular space is wid-
ened by an inflammatory exudate (whereas cells 
are still attached to each other at the points of 
desmosomal contact) suggest that desmosomes are 
resistant to considerable physical force [157,158]. 
On the other hand, they do not represent the only 
means by which epidermal cells adhere to each 
other. This is seen in situations in which desmo-
somes have disappeared but close contact between 
the cells is maintained by the intercellular sub-
stance [159]. 
Desmosomes are split by trypsinization [160, 
161] and in some tissues by chelators [162] and 
may dissociate in disease processes, such as pem-
phigus [37,163-165] and the staphylococcal 
scalded-skin syndrome [166-169]. Electron micro-
scopically, desmosome splitting is similar in these 
conditions, i.e. , the extracellular components of 
desmosomes disappear first and are followed by a 
subsequent dissociation of the two membranes 
which continue to feature attachment plaques and 
associated tonofilaments that disappear later. 
Whether this is the process that characterizes 
desmosome dissolution as cells move within the 
epidermis or slide over each other in wound healing 
is not yet established. 
Studies on developmental systems [170,171]' 
embryonic skin [13,172], and wound healing [173] 
have shown successive stages of desmosome forma-
tion: parallel alignment of adjacent cell mem-
branes; and aggregation of dense material on the 
internal face of the respective plasma membranes 
which heralds attachment plaque formation; a 
concomitant appearance of intercellular filaments 
which later on condense to form the intercellular 
contact layer; and finally, the establishment of the 
desmosomal plaque-tonofilament complex, in 
which the tonofilaments first run parallel and later 
perpendicular to the plaque and thus acquire their 
intracytoplasmic orientation. Tissue culture exper-
iments have shown that early contacts between 
epidermal cells are sometimes established by tight 
junction-like contacts [174] and that intercellular 
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cohesion is achieved by adherens-like junctions 
[175]; we have observed similarly simple, fascia 
adherens-like junctions between migrating keratin-
ocytes in epidermal wound healing (Fig. 22). 
Studies of this nature have, however, shed little 
light on the agent and method of desmosome 
formation and on how it is determined at a 
particular site of the membrane. Are desmosomes 
formed on cell surfaces with a particular orienta-
tion [150], with a particular internal structural 
pattern [155], in particular restricted regions [176], 
or are changes in the external microenvironment 
[177] decisive for the induction of desmosomes? 
Overton [178], who combined corneal epithelium 
cells of different ages in culture, observed that 
desmosomes were preferentially formed on cell 
surfaces adjacent to like cells rather than on sur-
faces bordering unlike corneal cells. When corneal 
cells were combined with pigment cells, no desmo-
somes formed. This, of course, corresponds to 
what is observed in the epidermis in situ where 
desmosomes are not established with Langerhans 
cells or melanocytes. This emphasizes the impor-
tance of the cell environment in desmosome forma-
tion, but it does not negate the theory that only 
certain parts of the plasma membrane are pro-
grammed to respond to such environmental influ-
ence [178]. 
When early thick blastoderm cells are dis-
sociated by trypsinization, desmosomes split and 
single plaques remain on the cell surface [160]. As 
Overton observed [160,161], these plaques are 
internalized into the cell where they form in-
tracytoplasmic vesicles with adjacent portions of 
the plasma membrane. We "have made similar 
observations with trypsin-dissociated keratino-
cytes from mature, differentiated guinea-pig epi-
dermis, which also translocate single desmosome 
plaques into their cytoplasm (P. Fritsch, H. Honig-
smann, E. Wolff-Schreiner, K. Wolff, unpublished 
data) (Fig. 23); this has been corroborated by 
studies on trypsinized rat epidermis [179]. As 
Overton observed [160], split desmosomes can be 
stable for a considerable time on the cell surface of 
reassociated cells, without including the formation 
of a corresponding, symmetrical plaque on the 
apposing plasma membrane of a neighboring cell. 
Single plaques of desmosomes occur on the lateral 
cell surfaces of embryonic chick corneal cells [170] 
and in epidermal wound healing during cell migra-
tion or mitosis (P. Fritsch, H. Honigsmann, E. 
Wolff-Schreiner, K. Wolff, unpublished data) (Fig. 
2)). Again, the preexisting half of a desmosome on 
one cell fails to function as a template for the for-
mation of a corresponding desmosome plaque on 
the adjacent keratinocyte (Fig. 25). On the other 
hand, in trypsin-dissociated keratinocytes, corre-
sponding, symmetrical halved desmosomes occur 
in internalized vesicles which have collapsed to 
flattened pouches (P. Fritsch, H. Honigsmann, E. 
Wolff-Schreiner, K. Wolff, unpublished data) (Fig. 
24). Whether they represent the halves of two 
different, previously adjacent desmosomes, which 
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have now joined to form a complete attachment 
device or whether one desmosome half has induced 
the formation of a complementary half on the 
opposite membrane (Fig. 24) is not clear. The 
latter would mean that a keratinocyte can form a 
desmosome with itself; that this, in fact, occurs has 
been shown in vivo [180]. 
During epidermal wound repair, keratinocytes 
migrate over the denuded dermal surface estab-
lishing desmosomal contacts with other epidermal 
cells and hemidesmosomes with the dermal sub-
stratum [101,102]. Under certain conditions, they 
regularly and reproducibly form desmosomes 
within their cytoplasm [180] (Fig. 26) which are 
identical with the intracytoplasmic desmosomes 
that have been sporadically observed in epidermal 
tumors [181-184] or in virus-infected cultures 
[185]. Intracytoplasmic vesicles collapse and des-
mosome specialization occurs on those portions of 
their membrane that abut on each other. Typical 
intermembranous layers and attachment plaques 
form and tonofilaments insert on these structures. 
Eventually, morphologically typical desmosomes 
result which are not continuous with vacuoles and 
are completely closed in themselves (Fig. 26). The 
vesicles from which they originate (Fig. 26) are 
lined by a triple-layered membrane whose inner 
surface bears a coat of low electron density and has 
a characteristic periodicity. These vesicles pose the 
interesting question whether intracellular desmo-
somes arise from intracellular membranes coded 
for desmosome formation and programmed to be 
incorporated into the cell membrane or whether 
they represent portions of the cell membrane 
incorporated into the cytoplasm where they would, 
ectopically, differentiate into desmosomes. Both 
alternatives could occur as the result of a derange-
ment somewhere in the membrane recycling proc-
ess [144,186]. 
Time-sequence studies with horseradish peroxi-
dase as the extracellular tracer during the critical 
period of intracytoplasmic desmosome formation 
have revealed that the label is incorporated into 
the intracytoplasmic desmosomes (Fig. 27), an 
indication of the plasma cell origin of these struc-
tures [180]. It appears, then, that portions of 
plasma membrane are precoded for desmosome 
formation and that this process can be triggered to 
Occur ectopically even in an intracellular environ-
ment. 
EPILOGUE 
The examples chosen for discussion in this paper 
demonstrate that although an extraordinary 
amount of information is available on electron 
microscopy of skin, it is often difficult to tie these 
into a meaningful story and to interpret structure 
in functional terms. In discussing centrioles, Ful-
ton [187] quoted Goethe: "What we need we do not 
know and what we know we do not need." Weare 
not quite so pessimistic about electron microscopy 
of skin, but we do realize that most of the func-
t ional elucidation of skin structure still lies ahead. 
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It should be remembered, however, that electron 
microscopic terminology has become so common 
that today it is difficult to realize that a little over 
a quarter of a century ago a desmosome was still 
considered an area of intercellular cytoplasmic 
continuity and the stratum corneum a syncyticum. 
If this account is read against the background of 
light microscopy, it will more clearly reveal the 
great distance covered since the first Symposium 
on the Biology of Skin was held. 
The authors wish to thank their colleagues P. Elias, P . 
Fritsch, F. Gschnait, H. Honigsmann, and K. Konrad for 
a most fruitful collaboration. They also wish to thank Dr. 
M. J. Karnovsky for helpful discussions and ad vice. 
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